Velocity of P and S waves in km/sec 





Depth below the earth's surface in km 





1000 2000 3000 4000 5000 6000 


GEOLOGY OF THE OCEAN BASINS 


FIGURE 2.2 Paths of some P waves within the earth. 
O is the source (earthquake) from which these waves 
are being radiated. The P wave at a depth of 2,900 
km (point a) is sharply deflected downward by an 
abrupt decrease in the wave speed. The sharp de- 
flection upward at a depth of 5,100 km (point b) is 
caused by an abrupt increase in the wave speed at 
this depth. In each zone, continuous increase in 
wave speed with depth causes the waves to be re- 
fracted in curved paths. 


The P wave velocity within any medium is dependent on 
the density, rigidity and incompressibility of the medium, 
whereas the S wave velocity depends only on density and 
rigidity. The speeds of both P and S waves increase as the 
values of these factors are increased. It is because liquids 
have no rigidity that they are unable to transmit S waves. 
Figure 2.2 shows the paths of the shortest travel times 
of some typical P waves within the earth. If the earth’s in- 
terior were homogeneous and the P wave speed remained 
constant within it, all seismic waves would travel in 
Straight lines rather than in the curved paths shown in the 
figure. The curved paths are produced by refraction 


/ 


FIGURE 2.3 Variation of P- and S-wave velocities within the 
A= earth. P-wave velocity decreases abruptly at a depth of 2,900 

== km and increases abruptly at a depth of 5,100 km. No S waves 
are detected in the core (below 2,900 km). (Modified after 
Garland, 1971.) 
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sity and seismic properties of these meteorites are com- 
parable to those of the mantle under appropriate condi- 
tions, and geologists believe that it is likely that they are in 
fact very similar. The metallic meteorites, mixtures of ap- 
proximately 90 per cent iron and 10 per cent nickel, re- 
semble the core in their physical properties. 

The origin of meteorites is still a controversial prob- 
lem in astronomy. But if the meteorites give us an accu- 
rate picture of the earth's interior, we can say that the 
mantle is composed of iron-magnesium silicates and that 
the core is a mixture of nickel and iron. Other geophysical 
data also support the meteorite-like composition of the 
earth's interior. For instance, some geophysicists believe 
that an electrically conducting metallic core would help to 
explain the origin of the earth's magnetic field. If one as- 
sumes an initially molten earth, it may be easier to visual- 
ize the settling of heavier metallic materials toward the 
center of the earth. Of course, all of these ideas, no matter 
how elegant or scientifically compelling, are speculative. 
Many other substances could also account for the ob- 
served seismic speeds and the resulting densities of the 
mantle and the core. 


Crust of the Earth 


The crust of the earth is the incredibly thin skin cover- 
ing the mantle. Proportionately, it is far thinner than the 
skin of an apple. It is, however, the most complex and 
variable part of the earth. The existence of the crust as a 
separate entity was first recognized in 1909 by Andrija 
Mohorovicic, a Yugoslav seismologist. He observed that 
the speeds of P and S waves increase abruptly when 
going from the crust to the mantle. For example, P waves 
travel at a speed of about 7.5 km/sec in the lowest part of 
the crust, but just below it, in the upper mantle, the speed 
is about 8 km/sec. The "“boundary” between the crust and 
the upper mantle where the seismic speed changes is 
called the Mohorovičić discontinuity, commonly known as 
the Moho. 

Crustal thickness varies considerably. In oceanic 
areas, it is usually between 6 and 15 km, averaging about 10 
km. This includes the ocean depth, which averages about 
3.8 km. The crust in continental areas averages about 
35 km in low-lying areas but may be greater than 70 km 
in mountainous regions. However, the crust is unusually 
thin in some parts of the world, such as in portions of north- 
western United States, where it is less than 20 km thick. 
Figure 2.5 shows a typical cross-section of the crust across 
continents and oceans. Seismic studies indicate two dis- 
tinct layers within the crust under continents, whereas 
oceanic crust consists of a single major layer. The upper 
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do not generally represent greater accumulations of mass | Before melting 
as compared to the mass under lowland areas. Similarly, 
ocean basins do not represent mass deficits. Mountains 
and oceans represent only “apparent” excesses and defi- 
cits of mass, respectively, near the surface of the earth; 
the major portions of the earth are in mass equilibrium. 
This means that the mass under a square meter of the 
mass balance within the i 

Seismic studies indicate that the lithosphere in moun- 
tainous areas, in addition to having a thicker crust, gener- 
ally extends deeper into the low ‘velocity layer. The 
lithosphere may be thought of as “floating” on the ` plas- 
tic” low velocity layer, as icebergs float in the ocean. Just 
as a large iceberg extends deeper into the water and rises 
higher into the air than a small iceberg, a mountainous 
lithosphere extends deeper into the low velocity layer than 
does the lithosphere in lowland or oceanic areas. When a 
mountain range undergoes erosion and the lithosphere 
becomes thinner, not only is the mountain top lowered 
but also the bottom of the lithosphere rises. This is analo- 
gous to what happens to a melting iceberg (Fig. 2.6). A 
similar mechanism of mass balance maintains isostasy in 
an area which is receiving large quantities of sediments. 





After melting 


CONTINENTAL DRIFT, SEA-FLOOR 
SPREADING, AND PLATE TECTONICS 


Continental Drift Be gee 
| | eres a Su $ e ee S 
Until the early 1960s, most geological concepts were ee ST 
explained on the basis of the permanency of continents one 
and ocean basins. That is, it was believed that continents 
and oceans remained in place throughout geological 
time, except for some continental areas which were re- 
peatedly submerged under shallow seas and for the 
growth of certain continents along their edges. Some sci- 
entists, however, held the view that all the continents were 
once joined together as a supercontinent called Pangaea 
(Fig. 2.7), which broke apart, and that these continental B 
fragments have been drifting over the earth ever since. FIGURE 2.6 The melting iceberg analogy of 
Laurasia and Gondwanaland were names given, respec- isostasy. When a mountain range undergoes 
tively, to the northern and southern hemispheric portions ¢rosion, the boiiom-e A 
of Pangaea. 

The greatest proponent of continental drift was a Ger- 
man scientist, Alfred Wegener, who in 1912 revived the 
concept and provided considerable evidence in support of 
it. Two years earlier, an American scientist, Frederick B. 
Taylor, had advanced a similar idea but was not as suc- 
cessful as Wegener in publicizing his theory. However, 
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over 200 million 
` years ago 


50 million 
years ago 


1.5 million 
years ago 


FIGURE 2.7 The breakup of Pangaea. 
(From Wegener, A.: The Origin of Conti- 
nents and Oceans. New York, Dover Publi- 
cations, Inc., 1969.) : 





ideas remotely resembling “continental drift” had been 
proposed as far back as 1620 by Francis Bacon. Accord- 
ing to Wegener, the breakup of the supercontinent started 
about 200 million years (m.y.) ago. His most notable piece 
of evidence was the fact that continents seemed to fit 
together like pieces of a jigsaw puzzle (Fig. 2.8). Addi- 
tional supporting arguments offered by Wegener and 
others for continental drift included the following: (1) geo- 
logical similarities between continents (similar rock as- 
semblages and mountain structures of the same age); (2) 
similar fossil assemblages of over 200 m.y. in many conti- 
nents which were supposedly joined together: (3) the 
presence of coal in Antarctica and ancient coral reefs in 
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which can be thought of as tiny compass needles that line 
up with the earth's magnetic field when cooled to about 
600° C or lower. The resulting rock has a weak magnetic 
orientation, which can be measured using sensitive in- 
struments called magnetometers. The orientation is fairly 
stable under the temperature conditions existing near the 
surface of the earth and will not change appreciably even 
if the earth’s magnetic field changes drastically. Sedimen- 
tary rocks also possess magnetism. Some of the constitu- 
ent particles of sediment are magnetic, and when settling 
to the sea floor, they align themselves with the earth's 
magnetic field, eventually resulting in magnetized sedi- 
mentary rocks. 

By the early 1960s, paleomagnetic studies had re- 
vealed that the earth’s.magnetic field has reversed itself 
many times during geological history. That is, the present 
north and south magnetic poles of the earth have 
switched places repeatedly. These 180° reversals are evi- 
dent from the exact opposite magnetizations of rocks. 
Figure 2.11 shows the worldwide reversals of the earth's 
magnetig field for the past 80 m.y. Evidence indicates that 
reversals have taken place throughout most of the earth’s 
history, although the frequency of reversals has increased 
during the: past 50 m.y. to about five reversals per million 
years, almost double the previous rate. A glance at Figure 
2.11 indicates that the reversals are not regular, but the 
cause of these random changes is not known. Even the 
origin of the magnetic field itself is not well understood. lt 
is believed to be caused by convective motions within the 
earth's core, and hence the reversals of the magnetic field 
shoufd also be related to variations of these motions.' 

The reversals of the magnetic field provide the best 
evidence for sea-floor spreading, as suggested by British 
scientists F. J. Vine and D. H. Matthews in 1963. If the sea 
floor has been spreading, the materials reaching the mid- 
ocean ridges, when cooled, should be magnetized by the 


then-existing earth's magnetic field. According to the sea- ` 


floor spreading concept, ocean floor is continuously 
created at the ridges and moves away in opposite direc- 
tions, and if the magnetic field reverses, the new rocks 
formed at the ridges should have a reversed magnetiza- 
tion compared with the older rocks at a distance from the 
ridge. This should result in ocean-floor rocks that are 


It is generally believed that magnetic reversals require about 10,000 to 20,000 
years to complete. This transition time may have significance for life on earth, ac- 
cording to some scientists. The earth's magnetic field is responsible for the Van 
Allen radiation belts, which protect the earth from intense radiation from outer 
space. If during reversals, the earth's magnetic field is very weak or absent, the 
increased radiation reaching the earth may cause mutations of genes. Some scien- 
tists claim that a relationship exists between the times of reversals and the extinc- 
tion or appearance of certain species. More research, however, is required to sub- 
stantiate this claim as there is some dispute as to the amount of radioactivity 
reaching the earth due to the loss of the Dal field, as well as to the validity of 
the correlation mentioned here. 
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FIGURE 2.11 Times of magnetic reversals for 
the past 80 million years. The shaded regions 
indicate times when the magnetic field was 
normal (that is, oriented as it is today); and the 
unshaded areas correspond to times when the 
magnetic field was reversed. (After Heirtzler 
et al., 1968.) 
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magnetized in alternating normal and reversed directions, 
located symmetrically with respect to the mid-ocean 
ridges, as shown in the theoretical scheme of Figure 2.12. 

The actual magnetism of ocean-floor rocks can be 
deduced from measurements made by magnetometers 
flown by airplanes or towed behind ships. Figure 2.13 
shows a typical magnetic field pattern produced by the 
rocks of the ocean floor over a portion of the Mid-Atlantic 
Ridge, and similar results are obtained from magnetic 
measurements made over the other mid-ocean ridge sys- 
tems. Figure 2.14 shows the results of magnetic studies in 





FIGURE 2.12 The normal (+) and reversed the northeast Pacific. These magnetic measurements can 


(=), magnetizations of the sea floor. Note the be used to determine the rate of spreading of the ocean. 
symmetry of the magnetizations with respect 


to the ridge. 


floor in the past (Fig. 2.15). To do this, we need to know 
the times of reversals and the distance between corre- 
sponding rocks and mid-ocean ridges. The rates obtained 
range from 1 to more than 8 cm/yr, with an average value 
of about 2 cm/yr. 


PALEONTOLOGY 


As marine organisms have evolved through time, and 
species has replaced species, a fossil record was created 
in marine sediments which provides a way of determining 
the age of sediments. By extension, it is also possible to 
use fossils to date the age of the volcanic rocks below 
them. As almost all volcanic rocks of the sea floor are 
thought to have been produced on the crests of mid- 
ocean ridges, the oldest sediments above them are only 
slightly younger. If fossils are used to date the basal sedi- 
ments above the volcanics, one has a very good estimate 








Reykjanes Ridge FIGURE 2.13 The magnetic field produced by the 
ocean-floor rocks over the Reykjanes Ridge near 
Magnetics Iceland. Note the similarity to Figure 2.12. The out- 
lined areas represent predominantly normal mag- 
netization. The caps of the rocks increase away from 
the ridge. (After Heirtzler et al., 1966, and Vine, 1968.) 





25°W 








© 
© 





1 2 3 


Distance between rocks and ridge (km) 
w 
© 


Age of rocks (m.y.) 


FIGURE 2.15 The rate of past spreading of 
the ocean floor can be obtained by knowing 
the ages of rocks (as determined from mag- 
netic reversals or paleontological data) and 
the distance between the rocks and the mid- 
ocean ridges. The shaded regions of the time 
scale in the diagram indicate normal magne- 
tization. 


FIGURE 2.16 The major plates of the earth. 
Arrows indicate relative motion of plates as 
determined from magnetic data. (Modified 
after Dewey and Bird, 1970; Isacks et al., 1968; 
Morgan, 1968; and Vine, 1969.) 
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tonics, the earth's surface is pictured as being composed 
of several broken pieces of the lithosphere called plates 
(Fig. 2.16). There are about seven large plates and about 
a dozen smaller ones. Some, such as the Pacific plate, are 
composed entirely of oceanic lithosphere, while others 
may contain both oceanic and continental lithosphere. The 
present plate boundaries are determined on the basis of 
the locations of mid-ocean ridges, oceanic trenches, 
volcanoes, and most importantly, earthquakes. 

At the mid-ocean ridges, the plates are moving away in 
opposite directions while continuously creating new plate 
materials at these ridges. The leading edges of many plates 
sink into the trenches. Some, such as the African plate, are 
not marked by any trenches. This plate includes both 
Africa and the ocean floor surrounding it; together they 
“drift” as a unit. The Atlantic Ocean has only two small 
trenches within it, whereas almost the entire Pacific Ocean 
is bordered by trenches. Assuming an average rate for sea- 
floor spreading of 4 cm/yr and a maximum ridge-to-trench 
distance of 10,000 km, the entire floor of the Pacific Ocean 
can be renewed in about 250 m.y. On the basis of this as- 
sumption, no present Pacific ocean-floor rock should be 
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FIGURE 2.17 Mid-ocean ridges are offset by 
fractures called transform faults. Between points 
a and b, rocks on both sides of the fracture are 
moving in opposite directions, while in other 
parts of the fracture zone the movements are in 
the same direction. 


older than 250 m.y. In fact, no rocks older than 200 m.y. 
have been found in any ocean. 

According to present ideas, the initial break up of 
Pangaea and subsequent plate motions started about 200 
m.y. ago and have been continuing since that time. The 
separation of Greenland from Europe, for example, oc- 
curred only about 60 m.y. ago. The Red Sea, the Gulf of 
Aden, the Gulf of California, and the East African Rift 
Valley (not yet a sea) were formed within the last 20 m.y. 
Of these areas, only the Gulf of Aden and the Gulf of 
California have ridges in them at present. 

The mid-ocean ridges, and hence the plates, are inter- 
sected by many fractures (Fig. 2.16) called transform 
faults (Fig. 2.17). The rocks on both sides of the fault (be- 
tween a and b) are moving in opposite directions as a 
result of the general plate movements away from the 
ridges. This differential motion is responsible for earth- 
quakes in the fault zone. The San Andreas fault of Califor- 
nia is considered to be a transform fault, and the shallow 
but great earthquakes occurring along it are the result of 
differential motion. 


Implications of Sea-Floor Spreading and Plate 
Tectonics | 


Sea-floor spreading and plate tectonics have far- 
reaching significance not only in oceanography but also 
in geology and biology. The origin of the ocean basins, 
the age of the ocean floor, the origin of the mid-ocean 
ridges and oceanic trenches, the distribution of deep-sea 
sediments, and many other features of the ocean floor can 
be explained in terms of plate tectonics, especially since 
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no other satisfactory explanations exist. For example, the 
fact that there are apparently no rocks on the ocean floor 
older than 200 m.y. can easily be explained by this theory. 
Very old rocks would be swept away by sea-floor spread- 
ing into the oceanic trenches, unless the distance be- 
tween a ridge and the nearest trench is extremely great. 
The progressively increasing age of the ocean floor, as 
well as the increase in deep-sea sediment thickness as we 
move away from the axes of the mid-ocean ridges, can be 
explained by postulating that the sea floor is continuously 
moving away from the ridges so that older rock is rela- 
tively far from the “young” material at the ridges. 

The global implications of plate tectonics have 
caused a revolution in the earth sciences. For the first 
time, the cause and distribution of earthquakes, vol- 
canoes, and mountains can be explained and understood. 
In addition to the earthquakes and volcanoes along the 
mid-ocean ridges and rift systems, their presence in other 
areas, especially along the edges of the Pacific Ocean can 
be accounted for. The descending lithosphere beneath 
the trenches can set up earthquakes in its vicinity. In fact, 
most deep earthquakes are confined to the trench areas 
(Fig. 2.18 a and b). These descending plates could melt, at 
least partially, owing to friction, and could set up volcanic 
activity landward of the trenches (Fig. 2.19). Eventually, 
volcanic mountain ranges may be formed, which has hap- 
pened around most of the Pacific Ocean. 


FIGURE 2.19 Production of earthquakes and 
volcanic activity by plates descending into a 
trench. The depths of earthquakes increase 
landward of the trench. Compare with Figure 
2.18. 
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These were perhaps the beginnings of “seas.” Most of the 
water was derived from within the earth, and the seas 
grew into oceans along with the subsequent evolution of 
oceanic crust and the growth of continents. The process 
of plate tectonics has modified, and continues to modify, 
the shape and distribution of the ocean basins. — 


STUDYING THE OCEAN FLOOR 


The topography of the vast ocean floor is perhaps not 
as complex as that of the earth’s surface, but it is also not 





FIGURE 2.21 The principle of 
echo sounding. A transmitter 
sends a sound wave, which is 
reflected back to the surface by 
the ocean bottom and is picked 
up by a receiver. By knowing the 
total time involved and the speed 
of sound in the ocean (1,500 
m/sec), water depth can be deter- 
mined. 
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FIGURE 2.30 Comparison of the cross-sec- 
tions of (A) the Monterey Canyon off California 
and (B) the Grand Canyon of the Colorado 
River. (After Shepard, 1973.) 
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current. Because of their greater density, the currents 
flow downslope along the bottom of the ocean, and the 
suspended particles, aided by the high speed of water, are 
believed to be capable of cutting canyons in hard rocks. It 
is likely that turbidity currents could maintain as well as 
deepen submarine canyons that were formed by the 
drowning of river mouths. Turbidity currents are easy to 
produce in laboratory experiments, but they have never 
been directly observed in the oceans. It is thought that 
earthquakes or other disturbances can dislodge large 
quantities of sediments resting precariously on many con- 
tinental shelves and slopes. x n the sediments are 


mixed with water as they ble down the slopes, tur- 
bidity currents could result. The most compelling evi- 
ee | 


FIGURE 2.31 Breaking of the 
submarine telephone and tele- 
graph cables after the 1929 Grand 
Banks earthquake near New- 
foundland. The cables (dashed 
lines) were broken in a sequential 
manner after the earthquake, 
which is believed to have triggered 
a turbidity current, indicated by 
the arrow. (After Heezen and 
Ewing, 1952, and US Naval Ocean- 
ographic Office: Oceanographic 
Atlas of the North Atlantic Ocean, 
Publication 700, 1965.) 





